Oxidized frying oil (OFO) activates peroxisome proliferator-activated receptor a (PPAR a) in vitro and in vivo. As most PPARa activators are also peroxisome proliferators (PP), this study was aimed at exploring whether OFO induces peroxisome proliferation in the liver of rats. Four groups of male weanling Sprague-Dawley rats were fed the following diets for 6 wk: a basal diet containing 5g/100 g fresh soybean oil (LSB), high-fat diets con taining 20g/100g of fresh soybean oil (HSB as a control), OFO (HO) or fish oil (HF, as a pos itive control). Hepatomegaly and peroxisome proliferation in the liver of the HO group of rats were higher than those of the HF group. In addition, the acyl-CoA oxidase (ACO) activity, as well as cytochrome P450 4A (CYP4A) protein content in the livers of the HO group were 6 fold those of the HSB group, but were 2.5 fold in those of the HF group. These results indi cated that dietary OFO induced typical responses to PPARa signaling. Moreover, as a dietary source, the OFO prepared under our frying conditions appears to be a more potent peroxi some proliferator than fish oil. Key Words oxidized frying oil, fish oil, acyl-CoA oxidase, cytochrome P450 4A, peroxi some proliferation Fat samples oxidized under more realistic cooking practices (frying) as part of a nutritional balanced diet gave rise to mild symptoms, such as: less body weight gain and feed intake, and enlargement of liver and kid ney, in long term animal studies (1, 2). The modest bio logical effect could be attributed to a decreased diges tion and absorption of the dimerized and polymerized TG (3, 4) as well as an effective detoxifying capability by the liver microsomal enzymes, including cytochrome P450 monoxygenase and phase II conjugation enzymes (5). The enlarged liver was thus speculated to be related to the increased microsomal protein since routine histo pathological examination did not reveal significant alterations (Cheung and Huang, unpublished data).
Fat samples oxidized under more realistic cooking practices (frying) as part of a nutritional balanced diet gave rise to mild symptoms, such as: less body weight gain and feed intake, and enlargement of liver and kid ney, in long term animal studies (1, 2) . The modest bio logical effect could be attributed to a decreased diges tion and absorption of the dimerized and polymerized TG (3, 4) as well as an effective detoxifying capability by the liver microsomal enzymes, including cytochrome P450 monoxygenase and phase II conjugation enzymes (5) . The enlarged liver was thus speculated to be related to the increased microsomal protein since routine histo pathological examination did not reveal significant alterations (Cheung and Huang, unpublished data).
Peroxisome proliferator (PP) refers to a group of chemicals including hypolipidemic drugs, plasticizers, pesticides, and other compounds that cause an increase in the number and/or size of liver peroxisomes. Accom panied with peroxisome proliferation, a lower body weight, hepatomegaly, and an enhancing effect on the expression of fatty acid oxidation genes were consis tentlyy observed in PP-treated rodents (6) . A nuclear receptor cloned from the steroid hormone receptor family has been found to be activated by PP and named peroxisome proliferator-activated receptor (PPAR) (7) . This ligand-dependent transcription factor is later shown to play a pivotal role in regulating liver lipid homeostasis (8) (9) (10) (11) . Upon activation by a ligand, PPAR heterodimerizes with retinoid X receptor (RXR) and promotes the transcription of its target genes through binding to a peroxisome proliferator responsive element (PPRE). The target genes of PPARa are mainly a homogeneous group of genes that participate in aspects of lipid catabolism and lipoprotein assembly and transport (12) .
Using gene knockout mice, the pleiotropic effects of PP were shown to be PPARa-dependent (13) . The intensity of peroxisome proliferation response induced by PP among various tissues and species was closely related to their PPARa activating potency (7, 14) .
We (15, 16) and others (17) reported that the expres sion of PPARa target genes in the liver of rats was up regulated by feeding an oxidized frying oil-containing diet. Results of transactivation assay in which hydro lyzed OFO showed a higher potency in activating 361 PPARa than hydrolyzed fresh soybean oil indicated that the up-regulation was through the activation of PPARa (15) . It is conceivable that certain product(s) formed from TG during the frying process in the OFO may be absorbed and act as PPARa activator(s) in the body. A number of PPARa activators have been identified from diet/food origin, such as fish oil, conjugated linoleic acid (CLA) in ruminant animal products, chlorophyll derived phytol/phytanic acid and soy isoflavone. In rodents, fish oil (18) and phytol/phytanic acid (19, 20) were shown to give rise to peroxisome proliferation, but not CLA, at a dose of up to 1.5% (wt/wt) for 6 wk (21). CLA has been detected in certain heated vegetable oil samples collected from restaurants (22).
This study, therefore, was conducted to examine if OFO feeding, like administration of most PP or PPARa activators, induced liver peroxisome proliferation along with the up-regulation of PPARa target genes. Peroxi some proliferation cannot be identified by routine histo pathological procedures; this study thus examined the liver sections of rats fed a 20% (wt/wt) OFO diet, using a peroxisome-specific histochemical staining, i.e. DAB for catalase activity. Rats fed a 20% fish oil diet were included as a positive control. Other biochemical para meters generally altered by the administration of PPARa activators, were also examined.
MATERIALS AND METHODS
Animals and diets. Male weanling Sprague-Dawley rats weighing 50-70g were purchased from the labora tory animal center of the National Science Council (Taipei, Taiwan). Weight-matched rats were divided into four groups (n=8 for each group) fed with a low fat diet containing 5g/100g fresh soybean oil (LSB) or 
RESULTS
Body weight and relative tissue weight Since all rats were fed isocalorically, the body weight gain was not different between low-fat and high-fat diet-fed rats as expected, except for the HO group (Table  3) . The HO-fed rats had significantly lower body weight gain than HSB and HF groups of rats (p<0.005, Table  3 ). The relative weight of the liver and kidney of the HO and HF groups were significantly higher than those of the HSB group (p<0.05), indicating enlargement of the liver and kidney in rats fed the high OFO and high fish oil diet. Compared to the LSB group, rats in the HSB groups had significantly higher weight of epididymal and retroperitoneal fat pads (p<0.05, Table 3 ). In con Table 3 . Body weight gain and relative tissue weight of rats fed with a low-fat diet containing 5g/100g fresh soybean oil (LSB) or high-fat diets containing 20g/100g fresh soybean oil (HSB), oxidized frying oil (HO) or fish oil (HF). 
DISCUSSION
Peroxisomes are spherical oval bodies of 0.3-1.0 µm in diameter with a single limiting membrane and a finely granular matrix. These organelles contain both hydrogen peroxide producing (fiavin-containing oxi dases) and degrading (catalase) enzymes. Some of the most important metabolic functions of peroxisomes include the synthesis of plasmalogens, bile acids, cho lesterol and dolichol, the oxidation of fatty acids (very long chain fatty acids~C22, branched chain fatty acids [eg. Phytanic acid], dicarboxylic acids, unsaturated fatty acids, prostaglandins, pipecolic acid and glutaric acid), and metabolism of purines, polyamines, amino acids, glyoxylates, and reactive oxygen species. Human peroxisome diseases result from the dysfunction of one or more peroxisomal metabolic functions, the majority of which manifest as neurological abnormalities (27). On the other hand, peroxisome proliferation in the liver of rodents induced by PP is often associated with non genotoxic liver cancer, but this does not occur in humans (28).
Results of this study showed that the 20% OFO diet not only up-regulated PPARa target gene expression and reduced liver lipids, but also induced peroxisome proliferation in the liver of rats. A similar OFO-induced hepatic peroxisome proliferation has also been observed in Wistar rats fed a 20% (w/w) OFO diet, but not a 5% OFO diet (unpublished data, Chao and Huang). These results indicate that at high intake, OFO used in our studies exhibits typical effects of PPARa activation in rodents.
The mild peroxisome proliferation response Induced by fish oil shown here was comparable to that in previ ous reports. The ACO activity and mRNA were increased by 1.5-3 fold in rats fed 15-30% (w/w) fish oil-containing diets (18, 29, 30 ) and the peroxisome content was increased about 2 fold in rats fed a 30% fish oil diet for 20 d (18) . In the present study, the up regulation of PPARa target gene expression and peroxi some proliferation occurred to a higher extent in the OFO-fed rats than in the fish oil-fed rats. In addition, the degree of hepatomegaly was also more severe in the OFO fed rats (1.68 fold that of the HSB control) than in the fish oil-fed rats (1.24 fold that of the HSB control). However, the liver/blood lipid lowering effect displayed by the OFO diet was not superior to the fish oil diet. The reduction level of liver lipids was not different between OFO and fish oil-fed rats (both showed 60% reduction in total lipid compared to the HSB control group) and serum cholesterol was not decreased in OFO-fed rats as in fish oil-fed rats (Fig. 4) . This result suggested, in addi tion to PPARa activation, there are other mechanisms for fish oil to lower liver/blood lipids that might be absent or not efficient in OFO-fed rats.
Fish oil is well known for its hypotriglycemic effect and is considered to be protective against cardiovascu lar diseases. This favorable effect is mainly from the combined effects of stimulation of fatty acid oxidation and inhibition of lipogenesis in the liver, which are PPARa-dependent and independent, respectively (31). The n-3 PUFAs, which are abundant in fish oil, increased the transcription of the regulatory enzymes of fatty acid oxidation, such as ACO, CYP450, medium chain acyl-CoA dehydrogenase (MCAD), acyl-CoA syn thetase (ACS), lipoprotein lipase (LPL), and carnitine palmitoyltransferase-I (CPT-I) with activation of PPARa (I1, 31, 32). On the other hand, they inhibited the transcription of genes coding for lipid synthesis such as fatty acid synthase (FAS), acety-CoA carboxylase (ACC), stearoyl-CoA desaturase (SCD), and 514 through a decrease of nuclear content of sterol regulatory element binding protein-1 (SREBP-1) protein (33-35). Using PPARa-deficient mice, Dallongeville et al. (36) showed that the plasma lipids levels were still decreased by fish oil to a similar extent of wild-type. Thus, they suggested that PPARa played a minor role in the plasma lipid and lipoprotein-lowering effect of fish oil (36), a situation different from fibrates (37).
Since the high fresh soybean oil diet did not induce a peroxisome proliferation response, the modified lipid components in the OFO, rather than the 18-C PUPA in the soybean oil, are responsible for the PPARa-activat ing effect observed in the OFO-fed rats. The modified components (unidentified fraction as shown in Table 1 ) accounted for about 5.6% concentration in the OFO diet. Cyclic fatty acid monomer (CFAM), oxidized fatty acids with oxygenated function, e.g., epoxy, keto, or hydroxy, and even conjugated linoleic acid (CLA) iso mers could be PPARa activators in OFO. CLA activates PPARa in transactivation assay, in rat hepatoma cells and in rats (21, 38). However, at a level of 1.5% (w/w) in the diet, CLA did not induce peroxisome proliferation in Sprague-Dawley rats (21). This might be because of the dose. A5% OFO diet also up-regulated PPARa tar get gene expression (15), but did not induce peroxisome proliferation (Chao and Huang, unpublished data) .
This study first observed an increase in peroxisome number in the liver of rats fed a high level of oxidized frying oil. Compared to fish oil, OFO induced a more severe proliferation of peroxisome in the liver, which was paralleled by higher extents of hepatomegaly and increment of two PPARa target genes-ACO and CYP4A. As a dietary source, OFO seems to be a more potent peroxisome proliferator than fish oil. 
